The neocortex is comprised of six neuronal layers that are generated in a defined temporal sequence. While extrinsic and intrinsic cues are known to regulate the sequential production of neocortical neurons, how these factors interact and function in a coordinated manner is poorly understood. The proneural gene Neurog2 is expressed in progenitors throughout corticogenesis, but is only required to specify early-born, deep-layer neuronal identities. Here, we examined how neuronal differentiation in general and Neurog2 function in particular are temporally controlled during murine neocortical development. We found that Neurog2 proneural activity declines in late corticogenesis, correlating with its phosphorylation by GSK3 kinase. Accordingly, GSK3 activity, which is negatively regulated by canonical Wnt signaling, increases over developmental time, while Wnt signaling correspondingly decreases. When ectopically activated, GSK3 inhibits Neurog2-mediated transcription in cultured cells and Neurog2 proneural activities in vivo. Conversely, a reduction in GSK3 activity promotes the precocious differentiation of later stage cortical progenitors without influencing laminar fate specification. Mechanistically, we show that GSK3 suppresses Neurog2 activity by influencing its choice of dimerization partner, promoting heterodimeric interactions with E47 (Tcfe2a), as opposed to Neurog2-Neurog2 homodimer formation, which occurs when GSK3 activity levels are low. At the functional level, Neurog2-E47 heterodimers have a reduced ability to transactivate neuronal differentiation genes compared with Neurog2-Neurog2 homodimers, both in vitro and in vivo. We thus conclude that the temporal regulation of Neurog2-E47 heterodimerization by GSK3 is a central component of the neuronal differentiation "clock" that coordinates the timing and tempo of neocortical neurogenesis in mouse.
Introduction
Temporal cues play a fundamental role in generating cellular diversity in the neocortex, with distinct neuronal populations generated at different developmental times (Pearson and Doe, 2004; Dehay and Kennedy, 2007) . In mouse, neocortical pyramidal neurons are derived from cortical progenitor cells in the dorsal telencephalon between embryonic day 10.5 (E10.5) and E17 (Caviness, 1982; Caviness et al., 1995; Takahashi et al., 1999) . In the first wave of neurogenesis, preplate neurons differentiate (prospective layer I and subplate neurons), followed by the sequential production of pyramidal neurons that form the cortical plate, beginning with deep layer VI and ending with upper layers II/III (Smart and Smart, 1977; Supèr et al., 1998) . To sequentially generate these neurons, cortical progenitors undergo temporal changes in their identities, which are controlled by both intrinsic (Shen et al., 2006; Gaspard et al., 2008) and extrinsic mechanisms (McConnell and Kaznowski, 1991; Fukumitsu et al., 2006) . These temporal identity transitions are reflected by alterations in progenitor cell morphologies and developmental potential. Specifically, cortical progenitors begin as neuroepithelial cells that line the ventricular zone (VZ), undergoing symmetric proliferative divisions that expand the progenitor pool . With the onset of neurogenesis at E10.5, neuroepithelial cells give rise to radial glial cells (RGCs), which undergo asymmetric neurogenic divisions to form the earliest-born cortical neurons (Götz and Huttner, 2005) . Beginning at ϳE11.5, a subset of RGCs then generate intermediate neuronal progenitors (INPs) , which lose their apical contacts and migrate outward to form a more basally located subventricular zone (SVZ) (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004) . INPs have a more limited proliferative potential, undergoing symmetric neurogenic divisions after one to three cell divisions Götz and Huttner, 2005; Farkas et al., 2008) .
Neurogenin 2 (Neurog2) encodes a class II basic helix-loophelix (bHLH) transcription factor that is expressed in cortical progenitor cells throughout the neurogenic period (Fode et al., 2000; Schuurmans et al., 2004) . Despite its continual expression, loss-of-function studies have demonstrated that Neurog2 is only required to specify the identities of early-born, deep-layer neurons (Fode et al., 2000; Schuurmans et al., 2004) . We speculated that temporally regulated posttranslational modifications may modify Neurog2 proneural activity at different developmental times. We focused on phosphorylation, which regulates the activities of several bHLH proteins, including Neurog2 (Marcus et al., 1998; Moore et al., 2002; Ohkawara et al., 2004; Hand et al., 2005; Ge et al., 2006; Ma et al., 2008; Ali et al., 2011) . Here, we show that the ability of Neurog2 to induce rapid neurogenesis is dramatically reduced in mid-corticogenesis. We attribute the temporal decline in Neurog2 proneural activity to its phosphorylation by GSK3 (Ma et al., 2008) , which increases at later developmental stages as canonical Wnt signaling declines. Mechanistically, GSK3 interferes with Neurog2 transcriptional and proneural activity, slowing down the tempo of neurogenesis, without affecting laminar fate specification. GSK3 interference occurs at least in part by promoting Neurog2-E12/E47 heterodimerization as opposed to Neurog2-Neurog2 homodimerization, revealing that the choice of dimerization partner is a critical determinant of proneural bHLH function.
Materials and Methods
Animal breeding and maintenance. All animal procedures were compliant with the Guidelines of the Canadian Council of Animal Care and were approved by the University of Calgary Animal Care Committee under animal protocol M08003. CD1 (outbred) mice were intercrossed to generate timed pregnancies for in utero electroporation experiments. Embryos were staged by taking the date of the vaginal plug as E0.5. Embryos of either sex were used throughout the study.
Generation of expression and reporter constructs. For electroporation, cDNA were cloned into pCIG2, a bicistronic expression vector that includes an internal ribosome entry site (IRES)-GFP cassette as described previously (Mattar et al., 2008) . Human GSK3␤ (96% identical with mouse) containing a constitutively activating S9A mutation (Stambolic and Woodgett, 1994 ) and a kinase-dead, dominant-negative rat GSK3␤ (100% identical with mouse) were previously described (Dominguez et al., 1995) . To generate Neurog2ϳNeurog2 and Neurog2ϳE47 tethered constructs, the following oligos were annealed, leaving PstI ends that were used to generate Neurog2ϳNeurog2 or Neurog2ϳE47: 5Ј-GG GGGTTCCGGCGGGGGTTCTGGAGGTGGGAGCGGCGGAGGGTC CGGCGGAGGAACTGCA-3Ј; 5Ј-GTTCCTCCGCCGGACCCTCCGC CGCTCCCACCTCCAGAACCCCCGCCGGAACCCCCTGCA-3Ј. E47 cDNA was PCR amplified from pCDNA3-E47 (Perez-Moreno et al., 2001 ) with the primers 5Ј-GCTCGAGATGATGATGAACCAGTCT-3Ј (forward) and 5Ј-ATAGAATTCTCACAGGTGCCCG-3Ј (reverse) and subcloned via XhoI and EcoRI into pCIG2. To generate Neurog2 truncation alleles, truncated fragments with EcoRI ends were generated by PCR. Primers used to amplify N-terminal truncations introduced a translational start codon in-frame with the truncated Neurog2 CDS. Primers for C-terminal truncations introduced a translational stop codon in-frame with the truncated Neurog2 CDS. Amplified fragments were digested with EcoRI and cloned into pBluescriptII SKϩ (Clontech). To generate pGex2T-Neurog2, the Neurog2 open reading frame was excised from pCIG2-Neurog2 using EcoR1, and ligated into the EcoR1 site of pGex2T (GE Healthcare).
Cell culture and luciferase/renilla assays. Postnatal day 19 (P19) embryonic carcinoma cells (ATCC CRL-1825) were maintained in Minimum Essential Medium ␣ Medium supplemented with 10% fetal bovine serum and 10 U/ml penicillin. DNA for transfection was prepared using a QIAGEN Plasmid Plus Maxi Kit as described by the manufacturer. The pNeuroD 1kb (Huang et al., 2000) , Rnd2 (Heng et al., 2008) , and Dll1 (Castro et al., 2006 ) luciferase reporters were previously described. Transfections were performed using 0.1 g of each plasmid and 0.15 g of the Renilla plasmid (transfection control) and Lipofectamine Plus reagent (Invitrogen) according to the manufacturer's protocol. Luciferase and Renilla activity were measured using the Dual-Luciferase Reporter Assay System Kit (Promega) according to manufacturer's instructions, using a TD 20/20 Luminometer (Turner Designs) to detect the light reaction.
In utero electroporation. Endotoxin-free plasmid DNA for electroporation was generated using a column-based purification system (QIAGEN). In utero electroporation was performed as previously described (Dixit et al., 2011) . Briefly, DNA (3 g/l) mixed with Fast Green FCF dye (1:200) was injected into the telencephalic (i.e., lateral) ventricles at defined embryonic stages using pulled borosilicate needles and a Femtojet microinjector. Next, seven pulses of 42-55 mV were applied within a 1 s interval to the uterus surrounding the head of the embryo using a BTX electroporator. The uterus was replaced in the body cavity, the peritoneum was sutured, and skin was stapled, and embryos were allowed to develop until the designated stage of analysis.
Tissue processing and RNA in situ hybridization. Whole brains were dissected in cold PBS and then fixed for 24 h at 4°C in 4% paraformaldehyde/1ϫ PBS. Tissues were washed in 1ϫ PBS and then cryoprotected overnight (O/N) at 4°C in 20% sucrose/1ϫ PBS. For electroporated brains, fixation and cryoprotection were performed in the dark to avoid GFP degradation. Tissues were then embedded in OCT (Tissue-Tek) and stored at Ϫ80°C. The 10 m coronal sections were collected on Superfrost/Plus slides (Thermo Fisher Scientific) using a Leica cryostat. RNA in situ hybridization using digoxygenin-labeled probes was performed as described previously (Alam et al., 2005) . Templates used to generate probes have been described previously: Neurog2 (Gradwohl et al., 1996) , GSK3␣ (IMAGE: 6336089), GSK3␤ (IMAGE: 4022374), GFP (Mattar et al., 2008) , Bhlhe22 (Xu et al., 2002) , Robo1 (Anselmo et al., 2003) , Fezf2 (Hirata et al., 2004) , Etv1 (Arber et al., 2000) , ROR␤ (Schaeren-Wiemers et al., 1997), Slc17a6 (Fremeau et al., 2001) , Neurod1 (Lee et al., 1995) , and Tbr1 (Hevner et al., 2001) .
Immunohistochemistry. Sections were blocked for 1 h in 10% horse serum/1ϫ PBS with 0.1% Triton X-100 (PBST) at room temperature (RT). Briefly, primary antibodies were diluted in blocking solution and applied to sections overnight at 4°C. Sections were then washed three times in PBST, and then secondary antibodies were appropriately diluted in blocking solution and applied to the sections for 1 h at RT in the dark. Sections were washed three times in PBST, incubated 5 min with DAPI (4Ј,6-diamidino-2-phenylindole) (Sigma-Aldrich) diluted 1/10,000 in PBS, washed three times in PBS, and mounted using Aqua Polymount (Polysciences). Primary antibodies included mouse anti-Neurog2 (1:4) (Lo et al., 2002) , rabbit anti-Tbr1 (1:800; Millipore Bioscience Research Reagents), goat anti-Bhlhb5 (1:300; Santa Cruz Biotechnology), mouse anti-NeuN (1:500; Millipore Bioscience Research Reagents), rabbit antiPax6 (1:350; Cedarlane), rabbit anti-Tbr2 (1:500; Abcam), mouse antiTuj1 (neuronal III ␤-tubulin; 1:500; Covance), rabbit anti-phospho-Akt Ser-473 (1:500; Cell Signaling Technology), rabbit anti-pGSK3␣/␤-S21/S9 (1:100; New England Biolabs), rabbit anti-GFP (1:500; Millipore Bioscience Research Reagents), rabbit anti-Cux1/2 (Cutl1; 1/500; Abcam), and rabbit anti-Ctip2 (1/500; Abcam). Secondary antibodies were conjugated to Cy3, Alexa 350, or Alexa 488 (Invitrogen).
Chromatin immunoprecipitation. Chromatin immunoprecipitation experiments were performed as previously described with some modifications (Demers et al., 2007) . Cells from transfected NIH-3T3 cells were dissociated in 0.05% trypsin-EDTA (Invitrogen; 25300-054) for 10 min at 37°C. The cells were crosslinked at room temperature for 10 min with 1% (w/w, final) formaldehyde. Sonication was performed with a Bioruptor (Diagenode) at high power for 30 cycles (30 s on/30 s off). Immunoprecipitations with rabbit anti-Neurog2 (Abcam) were performed with 500 g of chromatin per assay. qPCR was performed with a Bio-Rad DNA Engine Opticon 2 real-time PCR detection systems and a QuantiFast SYBR Green Kit for quantification (QIAGEN) .
Protein half-life assays and in vitro kinase assays. Protein half-life assays were performed in rabbit reticulocyte lysates as previously described . For kinase assays, 100 -200 g of protein was diluted to 500 l in immunoprecipitation (IP) buffer (0.020 M sodium phosphate, 0.1% SDS, 0.5% NP-40, 0.15 M NaCl, 0.06% sodium azide with 1 mM PMSF, 5 mM NaF, 1 mM NaOV 3 , and 1ϫ Complete protease inhibitor mixture (Roche Diagnostics). The lysates were precleared in 20 l of protein A/G-PLUS agarose beads (Calbiochem), for 1 h at 4°C with rocking. To each precleared lysate, 4 ml of anti-GSK3␤ antibody was added and incubated with rocking for 1 h at 4°C before adding 20 l of protein A/G-PLUS agarose beads and incubating at 4°C with rocking overnight. Beads were then washed three times in IP buffer. For GSK3 kinase assays, beads were further washed two times in Kinase Assay Buffer (0.1 M HEPES, pH 7.4, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 5 mM NaF, 1 mM NaOV 3 , and 1ϫ Complete protease inhibitor mixture). Beads were then incubated with 5 l of myelin basic protein (MBP) (2 mg/ml stock) and 5 ml of [␥- 32 P]ATP for 30 min at 30°C. Alternatively, recombinant GSK3␤ (Active; SignalChem) was used. The GST fusion proteins were generated and purified from Escherichia coli as described by Gradwohl et al. (1996) . The samples were then diluted in 4ϫ SDS-PAGE loading buffer and run on 15% SDS-PAGE gels. The gels were equilibrated in 25% ethanol/3% glycerol and dried before exposing to x-ray film for autoradiography.
Coimmunoprecipitation and Western blotting. Cultured cells or dissected tissues were lysed on ice in NP-40 lysis buffer [0.05 M Tris, pH 7.5, 0.15 M NaCl, 1% NP-40, 0.001 M EDTA, 50 mM NaF, 0.2 mM Na 3 VO 4 , 2 mM PMSF, 0.05 mM N-benzyloxycarbonyl-leucyl-leucyl-leucinal (MG132), 1ϫ Complete tablet], incubated for 30 min on ice, and clarified by centrifuging at 20,000 for 15 min. One hundred micrograms of protein lysates from transfected HEK293 cells were adjusted to 500 l using IP100 buffer [25 mM Tris, pH 8, 5 mM MgCl 2 , 10% glycerol, 0.1 M KCl, 0.01% NP-40, 3 mM DTT, 50 mM NaF, 0.2 mM Na 3 VO 4 , 2 mM PMSF, 0.05 mM MG132, 1ϫ Complete protease inhibitor tablet (Roche)]. Protein lysates were mixed with 20 l of anti-FLAG agarose beads (Sigma-Aldrich), and mixed at 4°C O/N. Beads were washed four times with 500 l of IP100 buffer for 15 min. The beads were then pelleted and resuspended in 20 l of diluted SDS-PAGE sample buffer, heated in 100°C for 5 min, and subjected to SDS-PAGE and Western blotting. For Western blotting, proteins were transferred to PVDF membrane in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3) at 75 V for 1 h on ice. PVDF membranes are blocked 1 h at RT on a rocker, using TBST (25 mM Tris, 3 mM KCl, 140 mM NaCl, pH 7.4, 0.1% Tween 20) containing 50 mg/ml dried milk powder. Next, the membrane was incubated in primary antibodies diluted in the blocking solution for 1 h at room temperature, or overnight at 4°C. After six 5 min washes in TBST, the membranes were exposed to species-specific HRP-coupled secondary antibody diluted 1/50,000 for 1 h at RT. Membranes were washed six times for 5 min each time and developed using ECL Plus Western Blotting Reagent Pack (GE Healthcare) and x-ray film. Antibodies used in Western blots included the following: rabbit ␣-pNeurog2 (S231, S234) (Ma et al., 2008) , mouse anti-GSK3␤ (1 g/IP of 100 g; 1/1000 for Western; BD Biosciences Transduction Laboratories), rat anti-HA (1/500; Roche Diagnostics), mouse anti-FLAG (M2) (1 g/IP of 100 g; 1/1000 for Western; Sigma-Aldrich), rabbit anti-Tcfe2a (E12/E47) (1/500; Santa Cruz Biotechnology), rabbit anti-Neurog2 (1/1000; Millipore Bioscience Research Reagents), and rabbit anti-␤-actin (1/10,000; Abcam).
Preparation of nuclear extracts and gel filtration chromatography. Nuclear extracts were prepared from dorsal telencephalons dissected from ϳ90 E12.5 and ϳ40 E14.5 mouse embryos. Seven milliliters of lysis buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM DTT, 0.5% NP-40, 50 mM NaF, 0.2 mM Na 3 VO 4 , 2 mM PMSF, 0.05 mM MG132, 1ϫ Complete protease inhibitor tablet) was added to mouse brains, which were then dounced 12 times with a 15 glass Wheaton homogenizer. Lysates were centrifuged at 1500 rpm for 5 min to pellet nuclei. The supernatant, which contains cytoplasmic protein, was removed, and 20 l of protease inhibitors (2 mM PMSF, 0.05 mM MG132, 1ϫ Complete tablet) was added to nuclei, which were then dounced 12 times with a 15 glass Wheaton homogenizer. Lysates were centrifuged at 1500 rpm in 20 mM KCl, 0.2 mM EDTA, 1 mM DTT, 25% glycerol, 50 mM NaF, 0.2 mM Na 3 VO 4 , 2 mM PMSF, and 1ϫ Complete tablet by gentle mixing. The extraction was pelleted again at 3000 rpm for 5 min. The pellet was resuspended in 2 ml of low salt buffer, and then 2 ml of high salt buffer was added (20 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 1 M KCl, 0.2 mM EDTA, 1 mM DTT, 25% glycerol, 50 mM NaF, 0.2 mM Na 3 VO 4 , 2 mM PMSF, 0.05 mM MG132, 1ϫ Complete tablet). The extract was mixed at 4°C for 3 h to O/N and then spun at 14,500 rpm for 30 min in the Beckman ultracentrifuge (JA20 rotor). The supernatant was dialyzed overnight and concentrated using Millipore concentration columns. Separation of proteins by gel filtration was performed on a Superdex 200 HR 10/300 column (manufacturer exclusion limit, 600 kDa) interfaced with AKTA FPLC (GE Healthcare). The column was equilibrated and run with high salt buffer (see above) at 4°C. A volume of 500 l of the sample was injected on the column and run at a flow rate of 0.25 ml/min, with detection at 280 nm. The 500 l fractions were collected and concentrated before analysis by Western blot.
Quantitative and statistical analysis. For the analysis of luciferase assays, luciferase data were normalized by dividing raw light readings by the corresponding Renilla values. Reported n values correspond to the number of individual experiments performed, each composed of three replicates per sample. For in vivo experiments, brains from at least three independent experiments, and at least three sections for each brain, were processed (n values refer to number of brains analyzed). Comparisons between control and experimental conditions were performed using a two-tailed Student's t test (to compare two values), while comparisons between multiple samples were performed by applying a one-way ANOVA (ANOVA-1) and Tukey's multiple-comparison test using GraphPad Prism software (GraphPad Software). Statistical variation was determined using the SEM.
Results

Neurog2 proneural activity is higher in early-versus later-stage cortical progenitors
Neurog2 is expressed in cortical progenitors throughout the neurogenic period (Gradwohl et al., 1996; Britz et al., 2006) , extending from E10.5 to E17, but is only required to specify the identities of early-born (ϽE14.5) and not late-born (ϾE14.5) neocortical neurons (Fode et al., 2000; Schuurmans et al., 2004; Britz et al., 2006) . These data suggest that Neurog2 may be temporally regulated, altering its functions in different cellular contexts at discrete developmental times. To test this model, we asked whether cortical progenitors at different developmental stages had an altered ability to respond to Neurog2 proneural activity. We used in utero electroporation to misexpress Neurog2 in E12.5, E13.5, and E14.5 cortical progenitors, using a pCIG2 expression vector with an IRES2-EGFP cassette so that the zonal distribution and neuronal differentiation of GFP ϩ transfected cells could be monitored. Compared with E12.53 E13.5 control electroporations of pCIG2 ( Fig. 1 A-BЉ,M ), when Neurog2 was misexpressed, more GFP ϩ cells left the VZ and migrated into the SVZ (VZ, p Ͻ 0.001; SVZ, p Ͻ 0.01; Fig. 1C -DЉ,M ), consistent with previous reports (Miyata et al., 2004; Hand et al., 2005; Ge et al., 2006) . Notably, the transition of RGC progenitors in the VZ to INPs in the SVZ is a normal maturation step during neocortical development (Götz and Huttner, 2005) . Similar effects were observed in E13.53 E14.5 transfections, with Neurog2 accelerating the VZ to SVZ transition compared with pCIG2 (VZ, p Ͻ 0.001; SVZ, p Ͻ 0.01; We also assessed the effects of Neurog2 on neuronal differentiation with the same assay, using NeuN as a pan-neuronal marker. In E12.53 E13.5 electroporations, 2.2-fold more GFP ϩ cells overexpressing Neurog2 initiated NeuN expression compared with control transfections ( p Ͻ 0.001; Fig. 1 
A-BЉ,C-DЉ,P).
Similarly, in E13.53 E14.5 transfections, Neurog2 promoted a 1.9-fold increase in neuronal number compared with controls ( p Ͻ 0.0001; Fig. 1 
E-FЉ,G-HЉ,P).
However, in E14.53 E15.5 transfections, similar ratios of GFP ϩ NeuN ϩ /total GFP ϩ cells were detected in control and Neurog2 transfections ( Fig. 1 I -JЉ,K-LЉ,P) . Similarly, when Neurog2 was misexpressed at E14.5, and cortices were analyzed 24 h later, GFP and Neurog2-overexpressing cells were detected in the VZ, SVZ, and cortical plate (see Fig. 3O ,P). However, in these E14.5 electroporations, Neurog2 did not induce the precocious expression of neocortical neuronal markers in the VZ; instead, Neurod1, Bhlhe22, Slc17a6, and Tbr1 transcripts were only detected in the cortical plate, in their normal expression domain (n ϭ 5; 24 h after electroporation; see Fig. 3P -T ). In contrast, we previously showed that Neurog2 can induce the ectopic expression of Neurod1, Bhlhe22, Slc17a6, and Tbr1 in the VZ in E12.53 E13.5 transfections (Mattar et al., 2008) . These data further support the idea that Neurog2 can promote rapid, precocious neurogenesis in E12.5 and not E14.5 cortical progenitors.
Thus, based on two independent measurements (i.e., progenitor maturation and neuronal differentiation), Neurog2 proneural activity progressively declines between E12.5 and E14.5. Together, these data support a model in which Neurog2 is sensitive to temporal cues and cellular context in the developing neocortex.
GSK3␤ activity levels and Neurog2 phosphorylation increase over developmental time in the neocortex
We speculated that Neurog2 proneural activity may be downregulated at later stages of cortical development due to contextual changes, such as the onset of signaling through an inhibitory pathway (Fig. 2 A) . In a screen for signaling pathways that may be temporally regulated, we analyzed canonical Wnt signaling by monitoring ␤-galactosidase activity in TCF/Lef::LacZ transgenic embryos (Mohamed et al., 2004) . At E12.5, canonical Wnt activity was high in the dorsal telencephalon, which is the neocortical anlage, but decreased dramatically by E15.5 ( Fig. 2 B , BЈ,C,CЈ) , in line with previous reports (Machon et al., 2007; Mutch et al., 2009) .
Given that many bHLH transcription factors, including Neurog2, are directly and/or indirectly regulated by phosphorylation (Marcus et al., 1998; Moore et al., 2002; Hand et al., 2005; Ma et al., 2008) , we focused on GSK3, which is sequestered to membrane-bound multivesicular bodies during canonical Wnt signaling, reducing its activity in the cytoplasm and nucleus (Hur and Zhou, 2010; Taelman et al., 2010) . Consequently, we predicted that GSK3 activity would be low in early corticogenesis when canonical Wnt signaling was elevated, and vice versa at later stages. We first showed that both GSK3␣ and GSK3␤ transcripts were detected throughout the progenitor zones and neuronal layers of the neocortex at E13.5 and E15.5 (Fig. 2 D-G) . We also demonstrated by Western blotting of cortical lysates that bulk GSK3 protein levels did not change over developmental time (E12.5-to-E15.5 ratio, 1.02 Ϯ 0.16; n ϭ 4; Fig. 2 H) . To next measure GSK3 activity, we performed in vitro kinase assays, immunoprecipitating GSK3␤ from E12.5, E13.5, E14.5, and E15.5 cortical lysates and using MBP as an exogenous substrate. Activity levels of the GSK3␤ kinase steadily increased between E12.5 and E15.5 (2.69-fold increase; n ϭ 7; p ϭ 0.03; Fig. 2 I) . Furthermore, in vitro kinase assays performed using E12.5 and E15.5 nuclear extracts revealed that GSK3 was also more active in the nucleus at later developmental stages, where Neurog2 is located (Fig. 2 I) .
The high basal activity of GSK3 is subject to several inhibitory inputs in addition to canonical Wnt signaling (Hur and Zhou, 2010) . For example, PI3K signaling triggers activated kinase in thymoma (Akt)-mediated phosphorylation of GSK3␤ on S9 and GSK3␣ on S21 (Cross et al., 1995) , which inactivates these kinases. We found that active pAkt (S473) and inactive pGSK3 (S21/S9) were expressed at low to undetectable levels in E13.5 and E15.5 progenitors in the cortical VZ, but were elevated in the neuronal layers (Fig. 2 L -O,P-S) . By Western blot analysis, overall levels of pGSK3␣/␤ (S21/9) also increased over developmental time (Fig. 2V ), but we attribute this to an increase in neuronal number. This contrasts to previous reports, which suggested that Akt activity was high in cortical progenitors, a conclusion that was reached based on immunolabeling with an Akt phosphorylation consensus site antibody (Faedo et al., 2008; Oishi et al., 2009) . To confirm that GSK3 was present in cortical progenitors, but not normally phosphorylated by Akt, we misexpressed constitutively active Akt (AktCA) in E12.5 cortical progenitors, and 24 h later, observed robust and ectopic phosphorylation of en- F ) and GSK3␤ (E, G) transcripts in E12.5 (D, E) and E15.5 (F, G) neocortices. H, Expression analysis of GSK3 protein from E12.5 to E15.5 neocortical lysates normalized against ␤-actin (loading control) protein levels. I, GSK3␤ kinase activity, assayed via P-32 phosphorylation of a myelin basic protein substrate by GSK3␤ immunoprecipitated from E12.5 to E15.5 neocortical cellular fraction (CF) or nuclear fraction (NF) protein extracts. J, K, Western blot analysis of total Neurog2 (J ) or pNeurog2 (S231/234; K ) expression from E12.5 to E15.5, normalized against ␤-actin (loading control). L-S, Coexpression of pAkt (S473, red) and Tuj1 (green) (L-O) and pGSK3␣/␤ (S21/9, red) and Tuj1 (green) (P-S) in E13.5 and E15.5 neocortical sections. T, U, E12.53 E13.5 electroporation of AktCA promotes phosphorylation of GSK3␣/␤ (S21/9) in GFP ϩ VZ progenitors (arrowheads), but not in adjacent GFP Ϫ cells (arrows). V, Western blot analysis of GSK3␣/␤ (S21/9) in E12.5 to E15.5 cortical lysates. The asterisk (*) indicates significantly different, p Ͻ 0.05. Error bars indicate SEM. cp, Cortical plate; dTel, dorsal telencephalon; gz, germinal zone; pp, preplate; svz, subventricular zone; vTel, ventral telencephalon; vz, ventricular zone. dogenous GSK3␣/␤ on S21/S9 in the cortical VZ (Fig. 2T,U ) . GSK3 is thus expressed in cortical progenitors, but it is not normally phosphorylatedbyAktinthesecellsandhenceremainsinanactivestate, at least with respect to this repressive mark. We therefore attribute differences in GSK3 activity at early and late stages of cortical development to the reduction in canonical Wnt signaling.
Finally, to determine whether the increase in GSK3 activity resulted in enhanced phosphorylation of Neurog2, we performed Western blot analyses using an antibody that specifically recognizes Neurog2 phosphorylated on S231/S234, which are GSK3 phosphoacceptor sites (Ma et al., 2008) . While bulk Neurog2 levels did not change over developmental time (0.92-fold difference at E15.5 vs E12.5; n ϭ 4; p Ͼ 0.05; Fig. 2 J) , pNeurog2 (S231/S234) levels increased dramatically between E12.5 and E15.5 (8.47-fold increase; p ϭ 0.006; n ϭ 4; Fig. 2 K) .
Our data thus support the idea that an increase in GSK3 activity, which is likely mediated by a reduction in canonical Wnt signaling, culminates in the enhanced phosphorylation of Neurog2 on S231/S234 in later-stage cortical progenitors.
Neurog2 proneural activity is inhibited by GSK3 kinase activity
Given that GSK3 activity and Neurog2-S231/S234 phosphorylation increased while the proneural activity of Neurog2 declined over developmental time, we speculated that GSK3 might negatively regulate Neurog2 function. To test this, E12.5 cortices were electroporated with a GSK3␤ construct with high basal activity and resistance to PI3K-mediated inactivation (GSKS9A; hereafter GSKCA) (Fang et al., 2000) . In E12.53 E13.5 electroporations, Neurog2 promoted a 1.62-fold increase in the ratio of GFP ϩ cortical cells that expressed the neuronal marker NeuN compared with pCIG2 control electroporations ( p Ͻ 0.05; n ϭ 3; Fig. 3 A, AЈ, B, BЈ,E) . Conversely, GSKCA did not alter the GFP ϩ NeuN ϩ /GFP ϩ ratio ( p Ͼ 0.05; n ϭ 3 each; Fig. 3E ). However, in E12.53 E13.5 coelectroporations of GSKCA and Neurog2, neuronal differentiation was reduced 1.34-fold compared with Neurog2 single transfections ( p Ͻ 0.05; n ϭ 3; Fig.  3 B, BЈ,C,CЈ,E) . GSK3 can thus inhibit the proneural activity of exogenous Neurog2 at E12.5, whereas endogenous neurogenesis is resistant to GSK3 inhibition at this stage.
Cortical progenitor cell transitions depend on the coordinated activation of distinct genetic programs, with RGC identity controlled by the homeodomain transcription factor Pax6 (Estivill-Torrus et al., 2002; Quinn et al., 2007) , while INP identity is controlled by the T-box transcription factor Tbr2 (Englund et al., 2005; Arnold et al., 2008; Sessa et al., 2008; Kowalczyk et al., 2009) . To confirm that GSKCA did not influence E12.5 cortical progenitors, we also analyzed the RGC marker Pax6 and the INP marker Tbr2. In E12.53 E13.5 electroporations, Neurog2 reduced the number of transfected cells that expressed Pax6 (1.64- fold decrease; n ϭ 3; p Ͻ 0.05; Fig. 3F ), while increasing Tbr2 expression (1.63-fold increase; p Ͻ 0.0001; n ϭ 5; Fig. 3G ), consistent with a role for Neurog2 in promoting progenitor maturation (Miyata et al., 2004) . Conversely, GSKCA had no effect on the expression of Pax6 (n ϭ 3) or Tbr2 (n ϭ 5) in E12.53 E13.5 electroporations (Fig. 3 F, G) .
To next test whether GSK3 was required to inhibit Neurog2 proneural activity, we examined the effects of reducing GSK3 activity in cortical progenitors, electroporating a kinase-dead and dominant-negative form of GSK3␤ (hereafter GSKDN ) (Dominguez et al., 1995) into E12.5 and E14.5 cortices. Consistent with the idea that endogenous GSK3 activity is low and not normally suppressive at E12.5, GSKDN did not enhance the ability of Neurog2 to promote NeuN expression and neuronal differentiation in E12.53 E13.5 coelectroporations (Neurog2ϩGSKDN vs Neurog2; p Ͼ 0.05; n ϭ 3; Fig. 3 D, DЈ,E) . In striking contrast, in E14.53 E15.5 transfections, at a stage when Neurog2 was not able to induce neuronal differentiation (Fig. 3 H, HЈ, I , IЈ,L), GSKDN overexpression significantly increased the GFP ϩ NeuN ϩ /GFP ϩ ratio compared with controls (GSKDN vs pCIG2; p Ͻ 0.001, n ϭ 3; Fig. 3 J, JЈ,L). Moreover, in E14.53 E15.5 cotransfections of GSKDN and Neurog2, the proneural activity of Neurog2 was unmasked, with neuronal differentiation approaching the levels obtained in E12.5 transfections (GSKDN vs GSKDNϩNeurog2; p Ͻ 0.05, n ϭ 3; Fig. 3 K, KЈ,L). Neuronal columns were also observed in the cortical VZ following the E14.5 electroporation of GSKDN (n ϭ 2 of 4) and GSKDNϩNeurog2 (n ϭ 3 of 7; Fig. 3JЈ ,KЈ), indicative of premature neurogenesis. Accordingly, transcriptional targets of Neurog2-mediated differentiation, including Bhlhe22, Neurod6, and Tbr1, were ectopically expressed in the cortical VZ when GSKDN (n ϭ 2 of 4; Fig. 3U -Z) or GSKDNϩNeurog2 (n ϭ 3 of 7; data not shown) were electroporated at E14.5 and analyzed 24 h later, further indicative of ectopic and precocious neuronal differentiation. Conversely, in E14.5 electroporations of GSKCA, more cortical progenitor cells expressed the RGC marker Pax6 (1.65-fold increase; p Ͻ 0.001; n ϭ 3; Fig. 3M ), while fewer cells transited to the Tbr2 ϩ INP stage (1.37-fold decrease; p Ͻ 0.0001; n ϭ 3; Fig. 3N ), consistent with a block in progenitor maturation.
We thus conclude that GSK3 is necessary and sufficient to inhibit Neurog2 proneural activity, reducing neuronal differentiation and inhibiting cortical progenitor maturation at E14.5. Conversely, E12.5 cortical progenitors are resistant to the inhibitory effects of GSK3, except when Neurog2 is overexpressed.
GSK3␤ controls the timing of neocortical neurogenesis without affecting laminar identity
The timing of cell cycle exit is coupled to laminar fate specification in the neocortex. We thus asked whether the more rapid neuronal differentiation induced by inhibiting GSK3 activity in E14.5 cortical progenitors influenced laminar fate. In E14.53 P7 electroporations, when neurogenesis and neuronal migration are complete, a significant proportion of GSKDN (Fig. 4B ,E,H,K,N,Q,T,W) and GSKDNϩNeurog2 (Fig. 4C,F,I ,L,O,R,U,X) electroporated cells migrated aberrantly, with many transfected cells remaining in the germinal zones (VZ/SVZ) and deep layers. This was in contrast to pCIG2 control electroporations (data not shown) (Langevin et al., 2007) and Neurog2 (Fig. 4A,D ,G,J,M,P,S,V) transfected cells, which predominantly migrated to layers II-IV by P7. Despite their migration defects, the mislocalized GSKDN and GSKDNϩNeurog2 electroporated cells acquired layer identities appropriate to their E14.5 birthdate, as evidenced by the expression of upper-layer markers Bhlhe22/Beta3 (layers II-V; Fig. 4K ,L,Y-YЉ,Z-ZЉ), Rorb (layers II-IV; Fig. 4N,O) , and Cux1/2 (layers II-IV) (data not shown). In contrast, lower layer markers, including Etv1 (Fig. 4P-R (Fig. 4V-X) , Tbr1 (data not shown), and Ctip2 (data not shown) were not ectopically expressed in the Neurog2-transfected patch, or in the mislocalized GSKDN and GSKDNϩ Neurog2 electroporated cells.
Blocking GSK3 activity therefore increases the rate of neuronal differentiation and affects migration, but does not influence the acquisition of laminar-specific molecular properties.
GSK3␤ interferes with Neurog2 transcriptional activity through the bHLH domain
To determine whether GSK3␤ inhibits Neurog2 proneural function by interfering with its transcriptional activity, we performed reporter assays using three direct Neurog2 transcriptional targets; Neurod1 (Huang et al., 2000; Talikka et al., 2002) , Dll1 (Castro et al., 2006) , and Rnd2 (Heng et al., 2008) . Reporter assays were conducted in P19 embryonal carcinoma cells, which differentiate into neurons in response to Neurog2 (Farah et al., 2000) . Neurog2 transactivated all three reporters above control levels (34.22-, 6.2-, 92.69-fold increases for Neurod1, Dll1, Rnd2, respectively; n ϭ 3 for all; Fig. 5A-C) . Strikingly, while GSK3 had no effect on these transcriptional reporters when expressed alone, it significantly suppressed the ability of Neurog2 to transactivate each reporter (1.38-, 1.28-, 1.48-fold decreases for Neurod1, Dll1, Rnd2, respectively; n ϭ 3 for all; Fig. 5A-C) . We thus conclude that GSK3 inhibits the transcriptional activity of Neurog2 on multiple target genes, at least in vitro.
We next asked whether GSK3 inhibited Neurog2 transcriptional activity through direct phosphorylation. By using a phosphospecific antibody that recognizes Neurog2 phosphorylated on S231/S234, we first confirmed that wild-type Neurog2, and not a mutant version containing serine-to-alanine mutations of these two sites (hereafter Neurog2SA), was phosphorylated by GSK3 (Fig. 5D) , consistent with previous reports (Ma et al., 2008) . In addition, it was previously suggested that GSK3 may also phosphorylate Neurog2 on some of the seven additional SP sites that are recognized by proline-directed serine/threonine kinases, including GSK3 (Ma et al., 2008; Ali et al., 2011) . These additional GSK3 phosphoacceptor sites would not be recognized by the phospho-Neurog2 antibody that we used. Consistent with the idea that additional Neurog2 sites may be phosphorylated by GSK3, GSK3 repressed Neurog2SA-mediated transactivation of a Neurod1 reporter to the same extent as wild-type Neurog2 (1.60-and 1.58-fold decreases, respectively; n ϭ 3; Fig. 5E ). However, we cannot rule out the possibility that GSK3 represses Neurog2 transcriptional activity through indirect means.
To better understand how GSK3 represses Neurog2, we generated a panel of four C-terminal and five N-terminal deletions of Neurog2, all of which retained the bHLH domain (Fig. 5F ). In Neurod1 reporter assays, the transcriptional activities of all N-terminal truncants [Neurog2-(amino acids 16 -264), Neurog2-(amino acids 32-264), Neurog2-(amino acids 64 -264), Neurog2-(amino acids 87-264), Neurog2-(amino acids 110 -264)] and two of the C-terminal truncants [Neurog2-(1-217) and Neurog2-(1-244)], were not significantly different from wild-type Neurog2 (n ϭ 3; p Ͼ 0.05; Fig. 5G ). Notably, Neurog2-(amino acids 1-217) lacked the S231/S234 GSK3 phosphoacceptor sites, suggesting that these sites are not necessary for Neurog2 transcriptional activity. In contrast, Neurog2-(amino acids 1-165) and Neurog2-(amino acids 1-185) did not transactivate the Neurod1 reporter, even though they retained their bHLH domains, translocated to the nucleus, and had longer rather than shorter half-lives than wild-type Neurog2 (Fig.  5H,I ). We thus suggest that the Neurog2 transactivation domain (TAD) may fall between amino acids 185 and 217, as the predicted N-terminal TADs were dispensable for transcriptional activation in our assay (Fig. 5F,G) .
Strikingly, all of the transcriptionally active forms of Neurog2 were suppressed by GSK3 in Neurod1 reporter assays (1.33-to 1.79-fold decreases; Fig. 5G ). GSK3 also significantly repressed the abilities of Neurog1 ( p Ͻ 0.05; n ϭ 9), Neurod4 ( p Ͻ 0.05; n ϭ 9), and Neurod1 ( p Ͻ 0.05; n ϭ 6) to transactivate the Neurod1 promoter (data not shown). We thus conclude that GSK3 functions as a general inhibitor of bHLHmediated transactivation, and suggest that it may act on the bHLH domain, as this was the only region conserved among the truncated alleles.
Differences in the transcriptional activation of distinct Neurog2 target genes
The bHLH domain consists of a basic DNA binding domain and a HLH domain, the latter mediating homodimerization, or promoting heterodimerization with ubiquitous class I bHLH proteins or with tissue-specific class II bHLH proteins (Massari and Murre, 2000; Bertrand et al., 2002) . To determine whether GSK3 might suppress Neurog2 transcriptional activity by regulating the availability and/or recruitment of class I cofactors, we first examined how the class I E-proteins encoded by Tcf4, Tcf12, and Tcfe2a (gives rise to E12 and E47 isoforms) were expressed in cortical progenitors. By RNA-in situ hybridization, Tcfe2a, Tcf4, and Tcf12 were all expressed in the dorsal telencephalon, with higher levels in VZ and SVZ progenitors compared with postmitotic neurons at both E12.5 and E15.5 (Fig. 6 A-F ) . Furthermore, Western blot analysis suggested that E47 protein levels did not change dramatically over developmental time (Fig. 6G) . We thus conclude that Neurog2 should have access to all three heterodimerization partners throughout development, raising the question of which partner would be selected.
To address this question, we first asked whether the different E-proteins differentially influenced the transcriptional activity of Neurog2 on Neurod1, Dll1, and Rnd2 transcriptional reporters. When expressed alone, E12, E47, Tcf4, and Tcf12 were not able to transactivate the Neurod1, Dll1, or Rnd2 reporters (Fig. 6 H-J ) . However, when cotransfected with Neurog2, both E12 and E47 
, and Robo1 (V-X ). GSKDN/Neurog2 transfections were additionally analyzed for the expression of Bhlhe22 protein (Y-Z؆). The arrowheads indicate ectopic expression. I, Layer 1; II/III, layer 2/3 (fused in mouse); IV, layer 4; V, layer 5; VI, layer 6; SP, subplate; WM, white matter. strongly repressed transactivation of the Neurod1 reporter (E12, 2.93-fold decrease; p Ͻ 0.001, n ϭ 4; E47, 2.65-fold decrease; p Ͻ 0.001; n ϭ 4; Fig. 6 H) . This effect was specific, as the suppressive activity of E47 was abolished by an E47 shRNA construct, and not a scrambled control (Fig. 6 K) . E12 similarly repressed Neurog2 function on the Dll1 reporter (1.22-fold decrease; p Ͻ 0.001; n ϭ 3; Fig. 6 I) , while conversely, E47 increased the ability of Neurog2 to transactivate Dll1 (1.44-fold increase; p Ͻ 0.0001; n ϭ 3; Fig.  6 I) . In contrast, neither E12 nor E47 influenced the ability of Neurog2 to transactivate Rnd2 (Fig. 6 J) . This suggests that the effects of individual class I bHLH proteins on Neurog2 transcriptional activity is selective for different target genes. Nevertheless, we can make the general conclusion that, with one exception, E12 and E47 either inhibit Neurog2-mediated transactivation or fail to enhance the activity of this transcription factor on its target genes, at least in this in vitro system.
In direct contrast to E12/E47, both Tcf4 and Tcf12 strongly enhanced the transactivation strength of Neurog2 on transcriptional reporters for Dll1 (E12, 2.93-fold increase; p Ͻ 0.001; n ϭ 3; E47, 2.65-fold increase; p Ͻ 0.001; n ϭ 4; Fig. 6 I) and Rnd2 (E12, 2.93-fold increase; p Ͻ 0.001; n ϭ 3; E47, 2.65-fold increase; p Ͻ 0.001; n ϭ 3; Fig. 6 J) . Conversely, neither Tcf4 nor Tcf12 increased Neurog2 transactivation on the Neurod1 reporter ( p Ͼ 0.05; n ϭ 3; Fig. 6 H) . We thus conclude that, in general, Tcf4 and Tcf12 have a more positive effect on Neurog2 transcriptional activity compared with E12/E47. Because our previous experiments had shown that GSK3 inhibits Neurog2 function through its bHLH domain, we asked whether the inhibitory effects of E12/ E47 were regulated by GSK3.
GSK3␤ suppresses Neurog2 function by regulating its associations with class I cofactors
In myoblast lineages, E47 is phosphorylated by p38MAPK, which promotes heterodimerization with MyoD, a class II bHLH protein and skeletal muscle determinant (Lluís et al., 2005) . We thus speculated that, in cortical progenitors, GSK3 may act similarly, promoting the formation of Neurog2-E47 heterodimers, which may be less transcriptionally active than other Neurog2 protein pairs. To test whether E47 was indeed phosphorylated by GSK3, we generated a GST-E47 fusion protein and used it as a substrate in in vitro kinase assays along with GST-Neurog2 (positive control) and GST (negative control). When combined with recombinant GSK3, both GST-E47 and GST-Neurog2 (and not GST) were phosphorylated, as was GSK3 itself, due to autophosphory- lation (Cole et al., 2004) (Fig. 7 A, B) . To ask whether the phosphorylation of Neurog2 and/or E47 influenced Neurog2/E47 heterodimerization, we used two assays. First, E47 and FLAGNeurog2 were transcribed and translated in vitro, and one-half of the product was phosphorylated with recombinant GSK3 alone. Different combinations of phosphorylated and unphosphorylated Neurog2 and E47 were then mixed, followed by anti-FLAG immunoprecipitation. In coimmunoprecipitation experiments, FLAG-Neurog2 brought down more E47 when both Neurog2 and E47 were phosphorylated (Fig. 7C) . Finally, we also transfected NIH-3T3 cells with expression constructs for FLAGNeurog2, FLAG-Neurog2SA, E47, and GSK3. In FLAG-Neurog2 pull-downs, both wild-type Neurog2 and Neurog2SA brought down more E47 protein in the presence of GSKCA (Fig. 7D) . We thus conclude that GSK3 may negatively regulate Neurog2 by promoting interactions between Neurog2 and E47.
If GSK3 was promoting Neurog2-E47 heterodimerization, we questioned what the dimerization status of Neurog2 might be when GSK3 activity was low, as observed in the early neocortex. We speculated that Neurog2 may form homodimers in the absence of GSK3 signaling. To test this, NIH-3T3 cells were transfected with FLAG-Neurog2 and HA-Neurog2 expression constructs, either with or without activated HA-GSK3CA or GSKDN. When GSKCA was present, less HA-Neurog2 was brought down in a FLAG-Neurog2 IP, whereas GSKDN did not reduce the amount of Neurog2 that was pulled down (Fig.  7E) . We thus conclude that GSK3 promotes Neurog2-E47 associations, while also inhibiting the formation of Neurog2-Neurog2 homodimers.
To test the functional significance of these different complexes, we generated Neurog2ϳNeurog2 and Neurog2ϳE47 tethered fusion proteins, joining the bHLH proteins with a flexible linker that promotes intramolecular dimerization (Fig. 7F ) . A similar approach was used previously to dissect apart the roles of Twist homodimers and heterodimers in Drosophila mesoderm (Castanon et al., 2001 ) and mouse limb development (Neuhold and Wold, 1993; Firulli et al., 2007) . In protein degradation assays, Neurog2ϳNeurog2 homodimers had half-lives of Ͻ30 min (Fig. 7G) , similar to our previous measurements of Neurog2 monomers . In contrast, NeurogϳE47 heterodimers were more stable, with half-lives of Ͼ5 h (Fig. 7G) , consistent with previous reports that E47 stabilizes Neurog2 (Vosper et al., 2007) . However, despite the enhanced stability of NeurogϳE47 heterodimers, they were less efficient at transactivating a Neurod1 reporter compared with the less stable Neurog2ϳNeurog2 homodimers (Fig. 7H ) .
To ask why Neurog2ϳE47 might be less transcriptionally active, we tested whether E47 and GSK3 influenced Neurog2 binding to target promoters by performing anti-Neurog2 chromatin immunoprecipitation experiments in transfected cell lines. Indeed, less Neurog2 was bound to the Neurod1 promoter when Neurog2 was transfected along with E47 and/or GSK3 (Fig. 7I ) . We thus conclude that GSK3 promotes Neurog2ϳE47 heterodimerization and suggest that these heterodimers are less transcriptionally active than Neurog2ϳNeurog2 homodimers, in part due to their decreased ability to bind DNA (Fig. 7J ) .
Delayed transactivation of Neurog2 target genes in the late cortex correlates with Neurog2-E47 coelution
Our working model at this point suggested that GSK3 would promote Neurog2-E47 heterodimerization in the late cortex, reducing the efficiency of neuronal target gene transactivation. If this model were correct, we reasoned that Neurog2 transcriptional reporters would be less efficiently activated in the late versus early cortex. To test this, we performed in vivo luciferase assays on lysates from E12.53 E13.5 and E14.53 E15.5 cortical progenitors electroporated with Neurod1 and Rnd2 reporters (and a Renilla control for transfection efficiency; Fig. 8 A) . Strik- ingly, the activities of both the Neurod1 (1.77-fold reduction; n ϭ 6 at E12.5, n ϭ 3 at E14.5; p Ͻ 0.001) and Rnd2 (19.85-fold reduction; n ϭ 3 at E12.4, n ϭ 2 at E14.5; p Ͻ 0.05) reporters were sharply reduced in E14.5 versus E12.5 cortical lysates (Fig. 8 A) . Thus, the transcription of Neurog2 target genes is reduced in the E14.5 cortex.
We next asked whether the model of GSK3-induced Neurog2-E47 heterodimerization applied in vivo, first examining whether E47 inhibited Neurog2 transcriptional activity in primary E14.5 cortical cells. While Neurog2 efficiently transactivated the Neurod1 reporter in dissociated cortical cells (9.08-fold increase vs control; p Ͻ 0.0001; n ϭ 3), this activity was sharply reduced by E47 (2.17-fold decrease; p Ͻ 0.001; n ϭ 3; Fig. 8 B) . Next, we asked whether E47 inhibited cortical progenitor maturation and neurogenesis when introduced into E12.5 cortical progenitors in vivo (Fig. 8C) . Twenty-four hours after electroporation, E47 reduced the number of cortical cells that expressed the neuronal marker Tbr1 (7.3-fold decrease; p Ͻ 0.0001; n ϭ 3; Fig. 8 D-F ) , and the INP marker Tbr2 (1.44-fold decrease; p Ͻ 0.001; n ϭ 3; Fig. 8G-I ) . Conversely, more E47-transfected cells expressed the RGC marker Pax6 (1.72-fold increase; p Ͻ 0.0001; n ϭ 3; Fig. 8J-L) . E47 is thus sufficient to block progenitor maturation and neuronal differentiation of E12.5 cortical progenitors.
As a final test of our model, we asked whether Neurog2-E47 heterodimerization predominated in later stage cortical progenitors in vivo. To compare Neurog2 complex formation in E12.5 and E15.5 cortices, we performed gel filtration assays to size fractionate native, nuclear protein complexes. At E12.5, Neurog2 primarily eluted in later fractions with a lower molecular weight, and not in the earlier, higher molecular weight fractions, where GSK3␤ and E47 were detected (Fig. 8 M) . Conversely, at E15.5, a significant amount of Neurog2 eluted in larger molecular weight fractions, with pNeurog2 (S231/S234) coeluting in the same fractions as GSK3␤ and E47 (Fig. 8 N) . While not definitive, these experiments are consistent with the idea that Neurog2 may homodimerize in early cortical progenitors, and heterodimerize with E47 in later-stage progenitors, when GSK3 levels are elevated ( Fig. 8O,P) .
In summary, we have uncovered a novel mode of Neurog2 regulation, demonstrating that its choice of dimerization partner is regulated by GSK3 and that Neurog2 dimerization status changes over developmental time.
Discussion
We previously showed that the proneural gene Neurog2 is required to specify the identities of neocortical neurons born before E14.5, but not after this time (Schuurmans et al., 2004) . Conversely, we show here that, while Neurog2 rapidly promotes neuronal differentiation in early-stage cortical progenitors, it loses this capacity later, prompting us to search for the underlying mechanism(s). We found that GSK3 activity increases in the embryonic neocortex over time, resulting in the progressive phosphorylation of Neurog2 on GSK3 phosphoacceptor sites, and correlating with a decline in Neurog2 proneural activity. Consistent with a functional linkage, forced activation of GSK3 abrogates the proneural activity of exogenous Neurog2 in early-stage cortical progenitors, while conversely, blocking GSK3 activity at later stages results in precocious neurogenesis. Mechanistically, we show that GSK3 modifies Neurog2 by influencing cofactor associations, promoting heterodimerization with the class I bHLH cofactors E12/E47 (Tcfe2a isoforms) and preventing Neurog2-Neurog2 homodimerization. Together, these data suggest that the increase in GSK3 activity that occurs in cortical progenitors at later stages underlies the diminished proneural activity of Neurog2. We thus suggest that GSK3 acts as a molecular "clock" to control the transition between early and late stages of neurogenesis by regulating Neurog2 proneural activity, thereby setting the tempo of neuronal differentiation.
Temporal regulation of Neurog2 activity by GSK3 phosphorylation
We found that canonical Wnt signaling declines dramatically between early and late stages of neocortical development, in line with previous reports (Machon et al., 2007; Mutch et al., 2009) . Recently, it was found that Wnt signaling reduces GSK3 activity in the cell by sequestering it to membrane-bound endosomes (Hur and Zhou, 2010; Taelman et al., 2010) . Accordingly, we found that both cytoplasmic and nuclear levels of GSK3 activity were low in the early neocortex, and increased dynamically later in development. This led us to hypothesize that GSK3 may be a negative regulator of Neurog2 proneural activity at later developmental stages. Consistent with this idea, GSK3 negatively regulates X-Neurod1 in Xenopus and NeuroAB in chick (Marcus et al., 1998; Moore et al., 2002; Ohkawara et al., 2004) .
GSK3 is a proline-directed serine-threonine kinase that recognizes SP or TP phosphoacceptor sites, similar to the Cdks and MAPKs. In a previous report in Xenopus, the combined effects of mutating each of the nine SP sites in Neurog2 progressively led to enhanced Neurog2 binding to E-boxes in EMSA assays, suggest- ing that SP phosphorylation functions as a negative rheostat to control the levels of Neurog2 binding to DNA (Ali et al., 2011) . Our data provide further support for this model. First, some of the nine SP sites in Neurog2, including S231 and S234, are phosphorylated by GSK3 (Ma et al., 2008) . Second, we found that, by increasing GSK3 levels, less Neurog2 bound to the Neurod1 promoter, a complementary result to that reported by Ali et al. (2011) . Finally, we found that GSK3 inhibits Neurog2-mediated neurogenesis in the cortex, which is opposite to the effect of mutating the SP sites, which enhanced the ability of Neurog2 to promote neurogenesis in Xenopus (Ali et al., 2011) . GSK3 is thus another regulator of the Neurog2 rheostat, which we suggest exists in vivo in the embryonic neocortex. We also add a level of complexity to this regulatory mechanism, demonstrating that GSK3 regulates the choice of Neurog2 heterodimerization partner (see below, Regulation of Neurog2 dimerization).
Contrary to our results in the neocortex, and the results of Ali et al. (2011) in Xenopus, bHLH phosphorylation may also positively influence bHLH proteins, such as Olig2 (Sun et al., 2011) , Ascl1 (Oishi et al., 2009) , and Neurog2 (Ma et al., 2008) . Indeed, in the embryonic spinal cord, GSK3-mediated phosphorylation of Neurog2 on Ser231/Ser234 results in the recruitment of the adaptor protein Ldb1 and the LIM homeodomain proteins Isl1 and Lhx3 into a complex that initiates motor neuron-specific gene expression (Ma et al., 2008) . In this regard, it is interesting that Ldb1 and the LIM protein Lmo4 form a complex with Neurog2 that promotes neocortical neurogenesis, and that defects in neocortical neurogenesis are observed in Lmo4 mutants (Asprer et al., 2011) . Currently, it is not known whether GSK3 plays a similar role in promoting Neurog2-Ldb1-Lmo4 complex formation in cortical progenitors. If so, the enhanced ability of the Neurog2-Ldb1-Lmo4 complex to promote neocortical neurogenesis would be in striking contrast to the inhibitory effects that GSK3 has on Neurog2-mediated neocortical neurogenesis in our hands. Future studies are required to examine how Neurog2-Ldb1-Lmo4 interactions are regulated in the embryonic neocortex in vivo.
Our results are also at first glance difficult to reconcile with the phenotype of GSK3␣/␤ double mutants, which exhibit a severe hyperproliferation phenotype in the neocortex, and a corresponding reduction in neuronal differentiation (Kim et al., 2009) . These data suggest that GSK3 is required to promote neuronal differentiation, but we suggest instead that GSK3 may act differently at early versus later stages of neocortical development. For instance, Wnt gain-offunction experiments in the developing neocortex, which reduce GSK3 activity, yield a strikingly similar hyperproliferative phenotype (Chenn and Walsh, 2002) , but only when Wnt is activated at early stages, before the onset of neurogenesis (ϳE8.5), and not when introduced later (E11.5), when neurogenesis has begun (Backman et al., 2005) . Conversely, the ectopic activation of Wnt signaling at later stages of neocortical development promotes neuronal differentiation (Hirabayashi et al., 2004) , further highlighting the important temporal changes in the response of cortical progenitors to signals that affect GSK3 activity over time.
Regulation of Neurog2 dimerization
Our data support a model whereby Neurog2 homodimerizes in the early cortex, allowing for maximal target gene transactivation, while at later stages, GSK3 promotes Neurog2-E47 heterodimerization, thereby reducing the efficiency of Neurog2 target gene activation. While E-proteins are in general ubiquitously expressed, it is becoming evident that they are not functionally equivalent and that they independently influence target gene selection in different cell lineages (Flora et al., 2007; Welinder et al., 2011) . For instance, in the embryonic cerebellum, the proneural bHLH factor Math1 preferentially interacts with Tcf4 to control development of the pontine nucleus, which is derived from the rhombic lip (Flora et al., 2007) . In this study, the authors similarly found that each of the E-proteins had different effects on Math1 transcriptional activity in reporter assays, and furthermore, that these effects were different in individual cell lines (Flora et al., 2007) . Their study thus supports the idea that different E-proteins have distinct cellular functions, a finding also supported in hematopoietic lineages (Jones and Zhuang, 2011; Yang et al., 2011) . Furthermore, in skeletal muscle, E12/E47 have been implicated in regulating the bHLH genes MyoD and Myf5 during proliferation, while Tcf12 functions during differentiation (Londhe and Davie, 2011) . We suggest a similar model in the cortex, where Neurog2 heterodimerization regulates the choice of downstream target genes.
One possibility is that GSK3 controls the choice of Neurog2 transcriptional target, thereby changing how Neurog2 functions at different developmental stages. Indeed, Neurog2 function is not lost, but rather modified in the late cortex, when it is no longer required to control neuronal fate specification, but rather controls events such as cortical progenitor transitions, neuronal migration, and neuronal morphogenesis (Hand et al., 2005; Britz et al., 2006; Ge et al., 2006; Heng et al., 2008) . Other events also change over the same developmental window. For instance, the length of G 1 phase of the cell cycle increases over developmental times, as does the number of cortical progenitors that undergo neurogenic as opposed to proliferative divisions (Dehay and Kennedy, 2007) . Consistent with a functional link between G 1 length and the mode of cell division, the artificial lengthening of G 1 promotes precocious neurogenesis (Calegari and Huttner, 2003) . Mechanistically, the increase in cell cycle length is thought to provide progenitor cells with a longer time to integrate differentiative signals, which they respond to by exiting the cell cycle (Dehay and Kennedy, 2007) . Conversely, when cell cycle length is shorter, progenitors have insufficient time to respond to environmental signals, and hence, they continue cycling (Burdon et al., 2002 ). An inherent assumption in this regulatory logic is that the genes that promote neuronal differentiation must also be temporally controlled so that they function at the correct times in development. We suggest that GSK3-mediated regulation of Neurog2 proneural activity contributes to these developmental transitions.
In summary, our data support a model in which changing GSK3 activity levels serves as a molecular clock to switch off a rapid, Neurog2-mediated neuronal differentiation program during late phases of corticogenesis. This switching does not abrogate Neurog2 function, but merely blunts it, allowing Neurog2 to activate its neuronal target genes more slowly in accordance with the requirement for much longer neuronal precursor maturation times at later developmental stages, or alternatively, differentially biases Neurog2-mediated activation of different target genes. In this way, dynamic GSK3 activity may control the relative size of neuronal cohorts destined for specific lamina. Indeed, GSK3 has previously been shown to play an analogous role in the Xenopus retina (Moore et al., 2002) , and phosphoinositol-3 kinase signaling, which directly inhibits GSK3 function, likewise controls the timing of neuronal determination in the Drosophila retina independently of fate (Bateman and McNeill, 2004) .
